DNA sequences are thought to be involved in the formation of chromosomal rearrangements. The aim of this study was to analyse the distribution of microsatellite clusters in Aegilops biuncialis and Aegilops geniculata, and its relationship with the intergenomic translocations in these allotetraploid species, wild genetic resources for wheat improvement. † Methods The chromosomal localization of (ACG) n and (GAA) n microsatellite sequences in Ae. biuncialis and Ae. geniculata and in their diploid progenitors Aegilops comosa and Aegilops umbellulata was investigated by sequential in situ hybridization with simple sequence repeat (SSR) probes and repeated DNA probes ( pSc119 . 2, Afa family and pTa71) and by dual-colour genomic in situ hybridization (GISH). Thirty-two Ae. biuncialis and 19 Ae. geniculata accessions were screened by GISH for intergenomic translocations, which were further characterized by fluorescence in situ hybridization and GISH. † Key Results Single pericentromeric (ACG) n signals were localized on most U and on some M genome chromosomes, whereas strong pericentromeric and several intercalary and telomeric (GAA) n sites were observed on the Aegilops chromosomes. Three Ae. biuncialis accessions carried 7U b -7M b reciprocal translocations and one had a 7U b -1M b rearrangement, while two Ae. geniculata accessions carried 7U g -1M g or 5U g -5M g translocations. Conspicuous (ACG) n and/or (GAA) n clusters were located near the translocation breakpoints in eight of the ten translocated chromosomes analysed, SSR bands and breakpoints being statistically located at the same chromosomal site in six of them. † Conclusions Intergenomic translocation breakpoints are frequently mapped to SSR-rich chromosomal regions in the allopolyploid species examined, suggesting that microsatellite repeated DNA sequences might facilitate the formation of those chromosomal rearrangements. The (ACG) n and (GAA) n SSR motifs serve as additional chromosome markers for the karyotypic analysis of UM genome Aegilops species.
INTRODUCTION
Allopolyploidization triggers rapid genomic events, including (1) the elimination of non-coding, low-copy DNA sequences from homoeologous chromosomes and genomes, (2) the elimination, reduction or amplification of high-copy DNA sequences, (3) the elimination of rRNA genes and (4) chromosomal repatterning (Wendel, 2000; Feldman and Levy, 2005) . These genomic changes accelerate the meiotic diploidization of recently formed allopolyploids, which is essential for the restoration of fertility and the establishment of a new species (Feldman and Levy, 2005) . On an evolutionary time scale, allopolyploidization facilitates intra-and intergenomic chromosomal rearrangements, ensuring the horizontal transfer of genes, transposons and repetitive sequences. These structural modifications are population-specific and contribute to intraspecific diversity, which is essential for local adaptations. According to some authors, intergenomic translocations may even cause reproductive isolation of a given population and, ultimately, lead to the formation of new species (Levin, 2002; Badaeva et al., 2004; Raskina et al., 2008) .
Several mechanisms have been proposed for the occurrence of structural chromosome rearrangements (i.e. deletions, duplications, translocations and inversions) in animal and plant systems (Müller et al., 1999; Ray and Langer, 2002) . However, only limited information is available on the genomic sequences determining the required chromosome breakpoints (Richard et al., 2008) . Major chromosomal rearrangements are often associated with heterochromatic regions composed of repetitive DNA and are frequently observed at heterochromatin-euchromatin boundaries (Badaeva et al., 2007; Raskina et al., 2008) . It is known that heterochromatic regions are rich in tandemly repeated DNA (Miklos, 1985) , commonly subdivided into three distinct classes according to the size of the monomer: satellite (typical monomer lengths of 140-180 to 300-360 bp), minisatellite (6-100 bp) and microsatellite (or simple sequence repeats, SSRs) (2-5 bp) DNA (Charlesworth et al., 1994) . Based on the ability of these DNA sequences to change their copy number and to mobilize through the genome, it is thought that these rapidly evolving repetitive DNA classes may promote chromosomal rearrangements. For example, satellite DNA families are involved in recombination events in Drosophila (Kuhn et al., 2009) , and play a central role in chromosome evolution in mammalians (Adega et al., 2009 ) and plants (Raskina et al., 2008) . It is also known that mini-and microsatellite sequences may interact with several components of the recombination machinery and they could be associated with recombination hot spots in humans (Majewski and Ott, 2000) and with chromosomal fragile sites in primates, rodents and humans (Ruiz-Herrera et al., 2006; Richard et al., 2008) . In plants, however, there is no information about the association of SSR-rich chromosomal sites with the formation of structural rearrangements.
The (GAA) n and (ACG) n microsatellite sequences are widespread in the genomes of the Triticum/Aegilops group, including wheat, rye and barley (Cuadrado et al., 2008) . In hexaploid wheat, those repeated motifs are localized mainly in the large pericentromeric heterochromatin clusters on B-genome chromosomes (Pedersen and Langridge, 1997; Cuadrado et al., 2008) . There are also some small (GAA) n sites on the A chromosomes, with the exception of 1A, and on chromosomes 1D, 2D and 7D (Kubaláková et al., 2005) . Small (ACG) n bands are also present on chromosomes 4A and 7A (Cuadrado et al., 2000) . Because of the high abundance of those repetitive elements within heterochromatic regions, (GAA) n and (ACG) n trinucleotide repeats might be good candidates for investigating the possible involvement of microsatellites in the formation of intergenomic translocations, a frequent feature during allopolyploid speciation within this taxonomic complex.
Aegilops biuncialis (2n
) are valuable sources of useful genes for wheat breeding, such as resistance to leaf rust, stripe rust or powdery mildew and good adaptability to extreme climatic conditions, especially to drought (van Slageren, 1994; Molnár et al., 2004; Schneider et al., 2008) . Recently, these wheat wild relatives have also received special attention as potential recipient species for pollenmediated transgene escape from wheat (Zaharieva and Monneveux, 2006; Cifuentes et al., 2006; Cifuentes and Benavente, 2009) . A high frequency of intra-and intergenomic chromosomal rearrangements were observed by Badaeva et al. (2004) in their C-banding analysis of Aegilops species belonging to the U-genome cluster. These authors detected mainly intragenomic and some intergenomic translocations in Ae. biuncialis and Ae. geniculata. However, the exact location of the corresponding breakpoints was not determined due to the limitation of C-bands as cytological markers.
Genomic in situ hybridization (GISH) using differentially labelled total genomic DNA probes (Schwarzacher et al., 1989) enables the discrimination of the parental genomes and the precise localization of intergenomic translocation breakpoints in allopolyploid plants such as wheat, Aegilops cylindrica, Ae. biuncialis and Ae. geniculata (Linc et al., 1999; Sánchez-Morán et al., 1999; Benavente et al., 2001; Molnár et al., 2009) . Fluorescence in situ hybridization (FISH) is also a powerful tool for the physical localization of various repetitive DNA sequences, including SSRs such as (ACG) n and (GAA) n , satellite sequences ( pSc119 . 2, Afa family) and ribosomal genes (5S and 45S) (Sepsi et al., 2008) . The hybridization patterns of the pSc119 . 2, Afa family and pTa71 repetitive DNA probes were described previously in Ae. biuncialis and Ae. geniculata as well as in their diploid genome progenitors Aegilops comosa (2n ¼ 2x ¼ 14, MM) and Aegilops umbellulata (2n ¼ 2x ¼ 14, UU) (Badaeva et al., 1996 (Badaeva et al., , 2004 Schneider et al., 2005) . Recently, the sequential application of FISH with repetitive DNA probes and GISH with differentially labelled U-and M-genomic DNA allowed the characterization of wheat/ Ae. biuncialis translocations in irradiated wheat/ Ae. biuncialis amphiploids (Molnár et al., 2009) .
The aim of the present study was to analyse microsatellite distribution in relation to the occurrence of intergenomic translocations as a means to gain better understanding of karyotype evolution in natural populations of allopolyploids. With that in mind, the hybridization patterns of the (ACG) n and (GAA) n microsatellite sequences were first determined in Ae. biuncialis and Ae. geniculata and in their diploid ancestors Ae. comosa and Ae. umbellulata. Using two-colour GISH, a large sample of Ae. biuncialis and Ae. geniculata accessions was screened for U/M intergenomic translocations. These were further characterized by means of sequential FISH with repeated DNA probes and GISH. Finally, the location of the SSR bands was compared with the physical position of U/M translocation breakpoints.
MATERIALS AND METHODS

Plant material
The genomic compositions of the plant species used in this study are detailed in Chromosome preparation was carried out as described by Lukaszewski et al. (2004) and the slides were stored at -20 8C for several weeks.
Total genomic DNA was extracted from fresh leaves of Ae. umbellulata (UU), Ae. comosa (MM), Ae. tauschii (DD), Secale cereale (RR), Triticum turgidum ssp. durum (AABB) and Triticum estivum (AABBDD) using the phenol-chloroform method as described by Sharp et al. (1988) (Table 1 ). The repetitive DNA sequences pSc119 . 2 and (GAA) n were amplified from the genomic DNA of S. cereale and T. aestivum, respectively, and labelled with biotin-16-dUTP (Roche, Mannheim, Germany) 
Geographical origin and in situ hybridization experiments performed are indicated. MvGB, accessions from the ARI HAS gene bank; TA, accessions from the Wheat Genetics Resource Center; PI, accessions from USDA ARS; AE, accessions provided by the Institute of Plant Genetics and Crop Plant Research; JIC, accession provided by the John Innes Centre. Key: +, examined; -, not examined. using the PCR reactions described in Contento et al. (2005) and Vrána et al. (2000) , respectively. The probe Afa family was amplified by PCR from the genomic DNA of Ae. tauschii and labelled with digoxigenin-11-dUTP (Roche) according to Nagaki et al. (1995) . The (ACG) n microsatellite probe was amplified from the genomic DNA of T. aestivum and labelled with digoxigenin-11-dUTP (Roche) using the same PCR conditions as applied for the production of the (GAA) n probe (Vrána et al., 2000) . The 18S-5 . 8S-26S rDNA clone pTa71 (Gerlach and Bedbrook, 1979) was labelled with 50 % biotin-11-dUTP and 50 % digoxigenin-11-dUTP by nick-translation using standard kits from Roche following the manufacturer's instructions. Total genomic DNA from Ae. umbellulata and Ae. comosa was labelled with digoxigenin-11-dUTP (U genomic probe) or biotin-16-dUTP (M genomic probe) by random priming, and sheared by autoclaving. Unlabelled genomic DNA from durum wheat was sheared by autoclaving and used as a block. Digoxigenin and biotin were detected using anti-digoxigeninrhodamine Fab fragments (Roche) and streptavidin-fluorescein isothiocyanate (FITC) (Roche), respectively.
In situ hybridization
Pretreatment and stringency washing of the slides were carried out as described by Schneider et al. (2005) . The GISH mixture (30 mL per slide), containing 50 % formamide, 2× SSC, 10 % dextran sulphate, 70 ng each of the U b and M b genome probes, and 2 . 1 mg blocking DNA, was denatured at 80 8C for 10 min and stored on ice for 5 min. Chromosomal DNA was denatured in the presence of the hybridization mixture at 75 8C for 6 min and allowed to hybridize overnight at 42 8C. For detection of the hybridization signals, 10 mg mL 21 each of streptavidin-FITC and anti-digoxigenin-rhodamin were used. Finally, the slides were counterstained with 2 mg mL 21 DAPI (4 ′ ,6-diamidino-2-phenylindole, Amersham, Bucks., UK). Mitotic cells were examined with a Zeiss Axioskop-2 fluorescence microscope using a Plan Neofluar oil objective ×63, NA 1 . 25 (Zeiss, Oberkochen, Germany) equipped with filter sets appropriate for DAPI (Zeiss filter set 02), FITC and rhodamine (Zeiss filter set 24). Images were acquired with a Spot CCD camera (Diagnostic Instruments, Sterling Heights, MI, USA) and compiled with Image Pro Plus software (Media Cybernetics, Silver Spring, MD, USA).
The protocol used for the FISH experiments included the following modifications. The hybridization temperature was 37 8C for probes pSc119 . 2, Afa family and pTa71, and 42 8C for the SSR probes. The hybridization mixture (30 mL per slide) contained 20 ng of pTa71, and 70 ng each of the pSc119 . 2 and Afa family probes in the presence of salmon sperm DNA. After documentation of the FISH sites, the slides were washed (3× 30 min in 4× SSC Tween, 2× 5 min 2× SSC at 25 8C) and rehybridized using U and M genomic probes.
In the case of three-step in situ hybridization experiments, the (GAA) n and (ACG) n satellite sequences were first hybridized to the slides using the same protocol as described previously. After documentation of the SSR hybridization patterns, the slides were washed and rehybridized using the mixture of pTa71, pSc119 . 2 and Afa family probes described above. Finally, the U and M genomic probes were used for hybridization.
Statistical analysis
The position of the pericentromeric SSR bands and intergenomic translocation breakpoints relative to the centromere are given as fraction length (FL) of the complete arm (Endo and Gill, 1996) . FL measurements were made by the 'measure distances' function of the Image Pro Plus software according to the formula: FL ¼ distance (mm) between the centromere and SSR band (or translocation breakpoint)/length (mm) of the complete chromosome arm. For each U/M rearranged arm, FL values were calculated from 25 chromosomes. FL SSR and FL tb values were compared using Student's t-tests for paired data at the P ¼ 0 . 05 and P ¼ 0 . 01 significance levels.
RESULTS
In situ detection of (GAA) n and (ACG) n clusters As a prerequisite for determining the chromosome location of the main (GAA) n and (ACG) n clusters on Ae. umbellulata, Ae. comosa, Ae. biuncialis and Ae. geniculata, mitotic metaphase chromosomes of these species were individually identified by morphology and by their FISH patterns for the probes pSc119 . 2, Afa family and pTa71 (Fig. 1) . All the chromosomes of the diploid species could be distinguished according to their standard FISH karyotypes (Badaeva et al., 1996; Schneider et al., 2005) , the only small differences in the hybridization pattern being observed for chromosome arm 3UL of Ae. umbellulata, which lacked the telomeric pSc119 . 2 signal, and for chromosome arms 2MS, 3MS and 4ML of Ae. comosa, where telomeric pSc119 . 2 signals were present.
Comparison of the allotetraploid Ae. biuncialis and Ae. geniculata with their diploid ancestors revealed differences in morphology and FISH hybridization patterns in many chromosomes belonging to the U and U g genomes affected the short arms of 1U, 4U and 5U. The hybridization patterns of the M genomes were more variable than those of the U genomes and the identification of the M chromosomes required consideration of both the FISH pattern and chromosome morphology (i.e. the position of the centromere). Two satellited M chromosomes (1M and 6M) with strong pTa71 signals are present in Ae. comosa, but only one was detected in Ae. biuncialis, while Ae. geniculata had no satellited M chromosome. One of the main differences between chromosomes 1M and 6M in Ae. comosa is the presence of a conspicuous subtelomeric Afa signal on the long arm of 6M, whereas 1ML shows only a faint Afa signal in this position, if any. The satellited M chromosome of Ae. biuncialis has a definite subtelomeric Afa signal on the long arm, so this chromosome was classified as 6M b . Chromosome 4M g of Ae. geniculata was completely different from that observed in Ae. comosa and Ae. biuncialis, as additional Afa signals were detected on the distal parts of the two chromosome arms. Besides that mentioned for 4M and 6M, significant interspecific variability in the FISH pattern was observed for chromosomes 1M and 2M. 1M not only lacked the satellite in the tetraploid species, but distinctive Afa signals could also be seen on the long arm. Minor pTa71 signals were detected at a telomeric position on 1M b S and on the distal third of 1M b L in Ae. biuncialis, and on 2M g S in Ae. geniculata. An additional pSc119 . 2 signal was also observed at the telomere of 2M b L in Ae. biuncialis. Chromosome 7M showed slight hybridization pattern discrepancies between the three Aegilops species whereas no differences were observed for 3M or 5M.
After the SSR probes had been hybridized to Ae. umbellulata, Ae. comosa, Ae. biuncialis and Ae. geniculata, the karyotypic position of the main (GAA) n and (ACG) n FISH clusters in these species was determined by rehybridizing the chromosome preparations with the repetitive DNA probes pSc119 . 2, Afa family and pTa71. (ACG) n FISH sites were more abundant on U than on M genome chromosomes in the four Aegilops species (Fig. 1) . Distinct centromeric and/or pericentromeric bands were observed on all the U chromosomes, except 1U and 7U in Ae. umbellulata and 6U in Ae. biuncialis and Ae. geniculata. By contrast, (ACG) n bands were only detected on chromosomes 3M and 4M in Ae. comosa and Ae. biuncialis, and on 1M g , 2M g , 3M g and 7M g in Ae. geniculata. The (GAA) n microsatellite probe produced more bands than the (ACG) n probe in the pericentromeric, interstitial and telomeric regions, hybridization signals appearing on all the chromosomes of the four Aegilops species. The strongest bands were mostly localized in pericentromeric sites, although there were several conspicuous interstitial bands as well. As described for the (ACG) n FISH pattern, U genome chromosomes seemed to be richer than M genome chromosomes in (GAA) n sites.
Scoring and characterization of intergenomic translocations
Fifty-one accessions from Ae. biuncialis and Ae. geniculata were analysed with two-colour GISH to determine the frequency of U/M intergenomic chromosomal exchanges ( from Ae. umbellulata and Ae. comosa, the U-and M-genome chromosomes were clearly discriminated as showing red and green fluorescence, respectively (Fig. 2) . U/M disomic reciprocal translocations were detected in Ae. biuncialis accessions TA10058 ( Fig. 2A, B) , PI550988 (Fig. 2C, D) , MvGB377 (Fig. 2E, F ) and AE751/82 (Fig. 2G, H) , and in Ae. geniculata accessions AE839/91 (Fig. 2I, J ) and AE660/83 (Fig. 2K, L) . The translocation breakpoints were invariably localized in the centromeric and pericentromeric regions. The individual chromosomes involved in each of the intergenomic exchanges were identified by means of sequential FISH with repetitive DNA probes ( pSc119 . 2, Afa family and pTa71) and GISH with U-and M-genomic probes. In Ae. biuncialis accession TA10058, the rearranged U chromosome was clearly identified as 7U b on the basis of the diagnostic pSc119 . 2 pattern. The M b chromosome involved in the reciprocal translocation had telomeric pSc119 . 2 and Afa signals on the short arm, while faint subtelomeric Afa signals were detected on the long arm (Figs 2B and 3B) . This hybridization pattern corresponded to that observed for 7M b in the Ae. biuncialis control accession, AE354/78 (Fig. 1) b was also involved in the U/M rearrangement detected in Ae. biuncialis accession PI550988, which also affected chromosome 1M b , as identified from the strong telomeric Afa signal on the long arm and the minor pTa71 signals on the short and long arms (Figs 1 and 2C, D) . Therefore, this reciprocal translocation was classified as 7U g chromosome of Ae. geniculata had a strong subtelomeric Afa signal on the long arm and two faint signals on the pericentromeric and intercalary regions of the short arm (Fig. 1) . The translocation breakpoint was localized on the short arm of 1M g between the two faint Afa signals ( Figs 2J and 3G, H ) (Fig. 1) .
Comparison of SSR bands and translocation breakpoints
The chromosomal positions of the translocation breakpoints and the main SSR bands were compared using three-step sequential in situ hybridization. Because of the limited seed sample, Ae. biuncialis accession PI550988 was not included in this study. Distinct SSR hybridization signals were located in close proximity to the translocation breakpoints in eight of the ten U/M translocated chromosomes under analysis (Fig. 3) . (GAA) n bands were detected near the breakpoint in six of them:
b L in Ae. biuncialis MvGB377 (Fig. 3C) (Fig. 3B), MvGB377 (Fig. 3D ) and AE751/82 (Fig. 3F) 
g L in Ae. geniculata AE839/91 (Fig. 3H) ; and T5U
g L in Ae. geniculata AE660/83 (Fig. 3I) . Physical association between the translocation breakpoints and (ACG) n bands was found in two Ae. geniculata translocated partners: (Fig. 3j) .
For statistical confirmation of a topographic relationship between the translocation breakpoints and SSR bands, their fraction length values were compared by means of t-tests (Table 3 ; FL values used for statistical comparison are given in Supplementary Data Table S1 , available online). This analysis demonstrated that the SSR bands and translocation breakpoints were located at the same chromosomal position in four 
DISCUSSION
This study examined whether the location of U/M intergenomic translocation breakpoints relates to SSR-rich chromosomal regions in the allotetraploids Ae. biuncialis and Ae. geniculata. (ACG) n bands were located mainly in the centromeric and pericentromeric regions in the U and M genomes of these Aegilops species, as described previously for Ae. ventricosa (Bardsley et al., 1999) and barley (Cuadrado et al., 2008) . The pattern of centromeric, pericentromeric and intercalary (GAA) n bands was similar to the N-banding pattern of Ae. geniculata (Landjeva and Ganeva, 2000) . This agrees with previous observations in barley and other Triticeae species, in which the distribution of polypurine (GAA) 7 FISH signals and heterochromatic N-bands were closely correlated (Pedersen et al., 1996) .
According to the hybridization pattern of the five repetitive DNA probes, [ pSc119 . 2, Afa family, pTa71, (ACG) n and (GAA) n ], U genome chromosomes exhibited less interspecific variability than the M genome partners in the Aegilops species examined. Similar differences in the level of intra-and interspecific variability between the U and M genomes have been reported on the basis of sequence tag sites, restriction fragment length polymorphism and amplified fragment length polymorphism marker analyses (Chee et al., 1995; Resta et al., 1996; Monte et al., 2001) 
T7MS·7ML-7UL
T7US·7UL-7ML
T7US·7UL-1MS
T5US·5UL-5ML
these results strengthen the pivotal-differential evolution theory, which suggests that the ancient hybridization between tetraploid Aegilops species sharing the U genome, but differing in their second pair of genomes, can explain the dissimilarities between the modified M genomes present in various UM species (Zohary and Feldman, 1962) . Substantial differences were observed between Ae. biuncialis and Ae. geniculata in the hybridization pattern of chromosomes 4U, 1M, 2M, 4M and 6M. These results are in good agreement with the chromosome pairing data reported by Friebe et al. (1999) for F 1 hybrids between distinct wheatAe. geniculata addition lines and Ae. biuncialis. In their study, ring bivalents were not observed in . This was attributed to structural differences between the Ae. geniculata and Ae. biuncialis chromosomes . The variability of centromeric and telomeric FISH signals reported for the above-mentioned chromosomes (Fig. 1 ) may thus reflect significant evolutionary changes in these regions, which are known to play a fundamental role in chromosome pairing (Martinez-Perez et al., 2000; Prieto et al., 2004) . The involvement of microsatellites in the modification of the centromeric -pericentromeric regions could also underlie the increasing number of (ACG) n bands on chromosome 7U, from none in the diploid Ae. umbellulata to one and three, respectively, in the allotetraploids Ae. biuncialis and Ae. geniculata. The role of several SSRs in chromosome organization has been evidenced in wheat and rye (Cuadrado and Schwarzacher, 1998) . Several mutational mechanisms have been proposed to be responsible for the expansion of SSR stretches. For instance, slippage during DNA replication may generate new alleles for short SSR regions (Levinson and Gutman, 1987; Hancock, 1996) , while unequal crossover, gene conversion and transposition may produce longer SSR clusters (Dover, 1993; McMurray, 1995) . U/M intergenomic translocations were detected in four accessions of Ae. biuncialis and in two accessions of Ae. geniculata. Chromosome 7U was found to be involved in five of the six exchanges (Fig. 2) . Note that Badaeva et al. (2004) identified intra-and intergenomic rearrangements affecting this U genome chromosome in accessions of Ae. triuncialis, Ae. kotschyi and Ae. columnaris, but translocation breakpoints could not be accurately mapped due to the limitations of C banding. The two-colour GISH applied in the present study allowed us to overcome this problem as it clearly discriminated the U and M genome chromosomes and perfectly determined the U/M exchange site. Most of the breakpoints have been allocated in the pericentromeric or centromeric chromosome regions. This is consistent with previous observations on other Triticeae species, suggesting that pericentromeric regions are prone to rearrangements, including duplications, inversions and deletions (Eichler and Sankoff, 2003; Qi et al., 2006) . The predominant location of translocation breakpoints in the pericentromeric regions of the U/M rearranged partners, especially on the 7U chromosome (Fig. 2) , suggests that pericentromeric heterochromatin may also play a role in the formation of intergenomic exchanges in the allopolyploids Ae. biuncialis and Ae. geniculata.
An inherent feature of heterochromatin is a complex composition of tandem DNA repeats of various types (Sharma and Raina, 2005) . Satellite and minisatellite DNA, two tandem repeat classes, have been shown to play an important role in structural chromosome evolution in many living organisms such as Drosophila (Kuhn et al., 2009) , mammals (Adega et al., 2009) , including humans (Majewski and Ott, 2000) , and plants (Raskina et al., 2008) . Satellite DNA repeats have been detected at sites of illegitimate recombination in Drosophila (Kuhn et al., 2009 ) and at evolutionary translocation breakpoints in mammals (Li et al., 2000; Gargana et al., 2001) , while minisatellites have been proposed to have recombinogenic activity and constitute chromosomal fragile sites (Sutherland et al., 1998; Wahls and Moore, 1998; Bois and Jeffreys, 1999) .
The comparison of breakpoint positions and SSR bands conducted here indicates some topographical correspondence between U/M intergenomic exchanges and microsatellite-rich chromosomal regions in natural populations of wild Aegilops species (Fig. 3, Table 3 ). The involvement of SSR sequences, the third type of tandem repeats, in the occurrence of those structural rearrangements seems a reasonable hypothesis. Interestingly, the SSR-rich centromeric or near-centromeric regions of the U b chromosomes were found to be highly sensitive to irradiation in a previous work studying the frequency of chromosomal aberrations in irradiated wheat-Ae. biuncialis amphiploids (Molnár et al., 2009) .
There are some links in the molecular basis for instability, expansion and genomic movements of both mini-and microsatellites, the proposed mechanisms including replication, meiotic and mitotic homologous recombination, and postreplicational DNA repair (Richard et al., 2008) . In a previous survey on 132 accessions of eight polyploid Aegilops species, ten intragenomic and ten intergenomic translocations were found, the latter invariably involving non-homoeologous chromosomes (Badaeva et al., 2004) . This led the authors to speculate that the genome instability of allopolyploid Aegilops species of the U genome cluster may be caused by the mobilization of certain types of transposable elements. As four of the six reciprocal exchanges found in the present study affected homoeologous chromosomes, meiotic recombination appears to be the most likely mechanism responsible for these genome rearrangements. Thus, our results support that, in addition to transposition, meiotic recombination events could also play a role in the genome evolution of these two Aegilops species. Consistent with the hypothesis that SSRs are hot spots for meiotic recombination (Eichler, 1998; Jeffreys et al., 1998) , it is even possible that (GAA) n and (ACG) n SSR clusters are more frequently involved in recombinational events than other chromosomal regions in these tetraploid Aegilops species.
The biological significance of translocation breakpoints preferentially allocated in the heterochromatic regions could be that syntenic gene-rich euchromatic blocks are not affected by the genomic rearrangements. This may prevent the loss of hereditary traits that are essential for viability. Behaving as selectively neutral, those genome rearrangements might contribute to reproductive isolation and speciation processes within these taxonomic groups.
It must be noted that the resolution of in situ hybridization on the highly condensed mitotic metaphase chromosomes is low, ranging between 5 and 10 Mbp (Valárik et al., 2004) . High-resolution FISH and GISH on super-stretched chromosomes (with spatial resolution of 70 kbp) could allow a more accurate comparison between the position of breakpoints and SSR clusters (Valárik et al., 2004) . Such detailed cytomolecular analysis will be needed to clarify the actual involvement of pericentromeric microsatellite DNA sequences in the karyotype evolution of allotetraploid Aegilops species. Further investigations would also be necessary to show whether genome rearrangements have any role in adaptation to specific environmental conditions and/or in the establishment of reproductive isolation and speciation within this taxonomic group.
The U and M genomes are present in 13 of the 23 Aegilops species, most of which are valuable gene sources for wheat improvement. The hybridization patterns of the (ACG) n and (GAA) n SSR motifs, described here for the first time on Ae. biuncialis and Ae. geniculata and on their diploid progenitors Ae. umbellulata and Ae. comosa, provide additional chromosome markers for the karyotypic analysis of UM genome species. These cytomolecular markers could then be used not only to investigate evolutionary genomic changes but also to characterize alien chromatin when introgressed into the wheat genome.
SUPPLEMENTARY DATA
Supplementary data are available online at www.aob.oxford journals.org and consist of the following. Table S1 : Individual fraction length data from 25 mitotic chromosomes per accession used for statistical comparison of the chromosomal positions of translocation breakpoints (FL tb ) and (GAA) n or (ACG) n hybridization bands (FL GAA , FL ACG ) on the U/M intergenomic translocations scored in Ae. biuncialis and Ae. geniculata.
